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Summary
The physiological strategies that enable organisms to thrive
in habitats where environmental factors vary dramatically on
a daily basis are poorly understood. One of themost variable
and unpredictable habitats on earth is themarine rocky inter-
tidal zone located at the boundary between the terrestrial
and marine environments. Mussels dominate rocky inter-
tidal habitats throughout the world and, being sessile, en-
dure wide variations in temperature, salinity, oxygen, and
food availability due to diurnal, tidal, and climatic cycles.
Analysis of gene-expression changes in the California
ribbed mussel (Mytilus californianus) at different phases in
the tidal cycle reveals that intertidal mussels exist in at least
four distinct physiological states, corresponding to ametab-
olism and respiration phase, a cell-division phase, and two
stress-response signatures linked to moderate and severe
heat-stress events. Themetabolism and cell-division phases
appear to be functionally linked and are anticorrelated in
time. The magnitudes and timings of these states varied by
vertical position on the shore and appear to be driven by mi-
crohabitat conditions. The results provide new insights into
the strategies that allow life to flourish in fluctuating environ-
ments and demonstrate the importance of time course data
collected from field animals in situ in understanding organ-
ism-environment interactions.
Results and Discussion
Anticorrelated Waves of Gene Expression in Intertidal
Mussels
The goal of this study was to investigate the physiology of in-
tertidal mussels (M. californianus) in the field during a series of
tidal-cycle episodes by using a cDNA microarray to monitor
transcriptional changes. Because abiotic stress varies along
a vertical axis in the rocky intertidal zone, we sampled two dis-
crete mussel beds less than 1 m apart (Figure 1A and Figure S1
available online): an exposed higher intertidal site (5.4 ft
[1.64 m] above mean low low water [MLLW]), which was pre-
dicted to experience more severe abiotic stress, and a lower
site (5.0 ft [1.52 m] above MLLW) that remained partially
shaded during emergence at low tide. Sampling of animals
at 20 time points over 3 days throughout the tidal cycle allowed
us to assemble a picture of temporal changes in the
*Correspondence: gracey@usc.edutranscriptome of gill, hepatopancreas, and adductor-muscle
tissues in response to alternating periods of immersion and
aerial emergence (Figure S2).
We used singular-value decomposition (SVD) to identify the
major patterns of temporal gene expression over 3 days in
mussels living at the higher site. SVD is a data-reduction
technique in which the expression data are reduced to a series
of ‘‘Eigengenes,’’ each of which corresponds to a key
gene-expression pattern within the data [1]. The first Eigen-
gene describes the dominant expression pattern in intertidal
mussels and explains 28% of the overall expression variance.
The first Eigengene in the high-site mussels exhibited an oscil-
latory pattern in all three tissues with a profile that was broadly
synchronous across tissues during the latter 36 hr of the study
(Figure 1B). This expression pattern was particularly pro-
nounced in muscle, as indicated by the greater amplitude of
the first Eigengene in this tissue. Next, we sorted genes ac-
cording to their Pearson correlation coefficient with the first
Eigengene and, using the expression data for muscle, pro-
jected this ranked gene list as a matrix of their pairwise Pear-
son correlations (Figure 1C). The matrix revealed the presence
of two large sets of coexpressed genes that exhibit anticorre-
lated patterns of expression.
Inspection of the matrix showed that the gene most corre-
lated with the first Eigengene was Citrate synthase, and the
gene most anticorrelated was G2/mitotic-specific cyclin B
(Pearson correlations 0.718 and 20.914, respectively). To in-
vestigate the biological significance of the first Eigengene,
we subjected the ranked gene list to gene set expression anal-
ysis (GSEA) [2] to identify whether genes associated with
specific Gene Ontology (GO) annotations are significantly cor-
related or anticorrelated with the first Eigengene. Enrichments
in the GO categories of Biological Process and Cellular Com-
ponent are shown in Table S1 (Table S2 shows the same anal-
ysis with the first Eigengene of the adductor-muscle data set).
Significantly correlated with the first Eigengene were GO terms
that we classified as being broadly associated with ‘‘metabo-
lism’’ because this cluster was enriched for genes involved in
the tricarboxylic acid cycle (TCA), the electron transport chain,
metabolism, ATP synthesis, and protein degradation (Table
S1A). Consistent with these results, analysis of the data in
the context of GO Cellular Component indicates that this clus-
ter of genes was predominantly located in the mitochondrion
and cytoplasm. In contrast, the cluster of genes that were anti-
correlated with the first Eigengene were frequently located in
the nucleus and associated with chromosomes and chromatin
(Table S1B). Consisting primarily of genes linked to cell-cycle
processes such as mitosis and cytokinesis, as well as genes
involved in gene expression such as transcription and RNA
processing, we termed this the ‘‘cell-division’’ cluster. Thus,
the first Eigengene describes two clusters of genes with
distinct functional roles whose expression is temporally
separated in the animals’ tissues because of their antiphased
expression pattern. In general, member genes of the cell-
division cluster exhibited larger-amplitude expression
changes that those of the metabolism class. Further insights
into the biological relevance of these patterns were revealed
with the leading-edge subset of genes [2], which identifies
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1502Figure 1. Anticorrelated Waves of Gene Expression in Intertidal Mussels
(A) Monitoring of the environmental conditions at two sites in the intertidal zone shows that mussels living at the higher site (red line, 5.4ft) experience higher
daily body temperatures than mussels inhabiting a lower cryptic site (black line, 5 ft). Periods of warming coincided with aerial exposure during midday and
afternoon. Animals at both sites were only submerged once each day during the evening high tide (high- and lower-site submergence indicated by the blue
shading of the red and black bars, respectively). Mussels at both sites were sampled at 20 time points over 3 days for gene-expression analysis (black circles).
(B) The profile of the first Eigengene from the high-site mussels was similar in all tissues.
(C) Pearson correlation matrix of the expression of 4398 genes in muscle tissue from high-site mussels sorted by relative correlation with Eigengene 1 (EG1),
revealing two large groups of genes with anticorrelated expression. The adjacent heat map shows the opposing expression profiles of 1273 genes that were
correlated > 60.4 with Eigengene 1. Relative expression is indicated by increasing red color (induced by 2-fold) or green color (repressed by 2-fold).
(D and E) Muscle expression data for member genes of selected GO categories that were either positively or negatively correlated with Eigengene 1, respec-
tively. The numbers of significantly correlated genes in each GO category are indicated in parentheses, with the profile of representative genes shown in color
(Tables S3 and S4 detail the member genes of each of these GO groups).
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1503genes that contributed most to the association of a specific
GO category with the first Eigengene (Figures 1D and 1E and
Supplemental Results and Discussion).
Next, we investigated the extent to which these transcrip-
tional oscillations were recapitulated in the lower, less stress-
ful study site. To this end, we projected the muscle expression
data from lower-site mussels onto a Pearson correlation ma-
trix in which the genes were ordered according to their corre-
lation with the first Eigengene in the data collected from the
higher-site animals (Figure 1F). The pattern of two anticorre-
lated clusters of coexpressed genes was largely abolished in
the lower-site mussels, with only a small number of the cell-
division-associated genes showing some evidence of coregu-
lation (Figure 1F, bottom right-hand corner of matrix). For
example, G2/mitotic-specific cyclin B transcripts also oscil-
lated in the lower-site mussels, but the amplitude of these
changes was only approximately half that observed in the
higher-site mussels (7.6-fold versus 14.6-fold in muscle)
(Figure 1G). Because these data were generated from pooled
RNA samples isolated from three individual animals at each
time point, we reasoned that differences in transcriptional os-
cillations between sites might reflect differences in the degree
of synchronization between individual animals at each site.
Analysis of G2/mitotic-specific cyclin B expression in muscle
samples of individual animals at three time points with quanti-
tative RT-PCR showed that interindividual variation was simi-
lar at both sites, with the average coefficient of variation
between individuals at a time point being 34% in both high-
and low-site mussels (Figure S3).
In an attempt to explore how environmental factors might be
linked to the oscillatory pattern, we searched for evidence of
this gene-expression program in an expression database
that we compiled by using RNA samples isolated from mussels
subjected to environmental challenges. The database, which
comprised 27 RNA profiles obtained from mussels exposed
to heat, cold, hypoxia, cadmium, emergence, or osmotic
stress, was interrogated with the Kolmogorov-Smirnov non-
parametric rank statistic for identification of conditions in
which genes from the cell-division and metabolism clusters
exhibit opposing patterns of induction and repression. We
used genes that were correlated >0.6 or <20.6 with the first
Eigengene as the query gene sets, which yielded 76 and
272 genes in the metabolism and cell-division gene sets, re-
spectively, of which 45 and 112 genes were present on the
array used for construction of the database. The statistic iden-
tifies samples in which the gene set members exhibit a coher-
ent high rank of induction or repression, and the significance of
this observation is tested by assessing the frequency with
which the statistic on the target gene set is exceeded in
10,000 trials of random gene sets of similar gene number.
This data-mining approach revealed that cadmium exposure
reproduces the anticorrelated expression pattern of the cell-
division and metabolic genes characteristic of field mussels
(p < 0.0001 at all four time points during exposure to 3.75 mM
cadmium), with cadmium inducing expression of the
metabolic cluster and repression of cell-division cluster
(Figure 1H). A potent modulator of mammalian mitochondrial
function, cadmium promotes the production of reactiveoxygen species [3] and inhibits respiratory chain activity [4].
Consistent with this, oysters exposed to cadmium exhibit hyp-
oxemia [5]. Therefore, one interpretation of these data is that
transition between the phases might be driven by the mussels’
redox status as sensed by the mitochondria. This is an appeal-
ing hypothesis given that emergence of mussels and associ-
ated closing of their valves has been linked to the onset of
hypoxia [6].
Our data show that transcriptional oscillations are more pro-
nounced in high-site animals, suggesting that this pattern is in
some way linked to or amplified by the prevailing environmen-
tal factors that are present at higher intensities higher on the
shore. The frequency of the oscillations is not fixed, and
a search for circadian (24 hr) expression patterns revealed
that very few genes exhibit constant period [7]. Two significant
and interrelated abiotic variables in the high intertidal zone are
immersion-emergence cycles and temperature. However, we
were unable to identify a simple association between the tran-
scriptional oscillations and either the tidal cycle or body tem-
perature. Coincident with bouts of immersion and emergence
is the opportunity to feed, with high-site animals having
shorter feeding windows. Feeding has a strong effect on circa-
dian rhythms in many organisms [8], raising the possibility that
restricted feeding opportunities in higher-site mussels act to
gate the initiation of metabolic activities, an effect that gives
rise to more ordered and larger-amplitude oscillations. In this
context, it is interesting that circatidal variation in epithelial
cell proliferation has been observed in a congener ofM. califor-
nianus, M. galloprovincialis. DNA synthesis, as indexed by in-
corporation of BrdU into DNA, decreased during perceived
high tide and increased during low tide, even in mussels kept
continuously immersed [9].
The observed temporal partitioning of biological processes
in mussels may be analogous to studies of yeast growing con-
tinuously in chemostats. These yeast exhibit profound cycles
of transcriptional oscillations in which the expression of respi-
ration, metabolism, and cell-division genes is compartmental-
ized in time and linked to subtle changes in dissolved O2 and
ethanol in the chemostat, which are coupled to changes in in-
tracellular carbohydrate stores, cyclic AMP, NADPH, cell
division, and respiration [10–13]. The adaptive rationale behind
biological oscillations appears to be the temporal compart-
mentalization of cellular processes that are poorly compatible.
For example, in yeast, DNA replication is temporally separated
from bursts in respiratory activity for prevention of the occur-
rence of DNA damage caused by free radicals released by
active mitochondria [14]. In other organisms, the cell-division
cycle is coupled to the circadian clock, and a ‘‘limit cycle’’
model has been proposed that suggests that entry into cell di-
vision is gated to specific periods for prevention of DNA dam-
age [15]. Such a limit cycle might explain the variation in timing
of the bouts of cell-division-gene expression in mussels given
that it is predicted that permissive windows for cell division
would not adhere to a fixed period in the highly variable inter-
tidal environment. Another hypothesis is that the timing of
transitions might be linked to the accumulation or depletion
of specific metabolites, with the switch from one phase to an-
other occurring when some threshold is passed. As such,(F) The gene-expression data from muscle tissue from low-site mussels was plotted with the same gene order as depicted in (C), showing that the anticorre-
lated patterns of expression are largely abolished in the lower-site animals (the gray bar in the heat map represents a missing RNA sample).
(G) Comparison of the expression ofG2/mitotic-specific cyclin-B in muscle and gill tissue of high- and lower-site animals showing that oscillations appear to
lag and are dampened in lower-site animals.
(H) The anticorrelated program of expression observed in field mussels is reproduced in mussels exposed to 3.75 mM cadmium for 1, 2.5, 4, and 24 hr.
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(A) The profile of the second Eigengene in the high-site mussels is similar in each tissue (solid lines). The expression of Heat shock protein 70 (HSP70) was
most highly correlated to the profile of second Eigengene (dashed lines) (Pearson correlation = 0.761).
(B) Genes involved in the GO category of ‘‘Protein Folding’’ were more correlated with the second Eigengene than would be expected by chance (p = 0.005).
The heat map shows the expression of selected genes in this category, with relative expression indicated by increasing red color (induced by 3-fold) or green
color (repressed by 3-fold).
(C) Expression of GO protein-folding genes was significantly different between high-site and low-site mussels in both gill and muscle tissue (p = 0.004 and
p < 0.001, respectively). The heat map shows the relative expression of 13 of 38 arrayed protein-folding genes whose average expression was elevated in
both tissues of high site-mussels. Red indicates a high level of expression compared to the mean, and blue indicates a low level of expression compared to
the mean. The standard deviation from mean, s, is indicated.differences in period length of oscillation might be explained
by differences in emergence time, length of feeding window,
and extent of solar heating during emergence, all of which
are predicted to impact metabolic-rate processes. This model
is consistent with the theory that metabolic cycles are the un-
derlying basis of biological rhythms and that alterations in met-
abolic state could connect physiological perception of the en-
vironment to biological oscillations [16–18]. The dominant
biological oscillation in higher organisms is the circadian
rhythm that is regulated by a core set of clock genes. Timeless
was the only clock gene that was present on the mussel array,
and in mammals, it ensures that cell division is coupled to the
circadian rhythm [19]. In our data, Timeless was a member of
the group of nuclear genes associated with the cell-division
cluster (Figure 1E), raising the possibility that the regulatory
apparatus that controls the circadian rhythm may play a role
in the noncircadian transcriptional oscillations detected in field
mussels.
Episodic Heat-Stress Events
The second Eigengene captures the next most significant
temporal-expression pattern and accounts for 9% of overall
transcriptional variance. The second Eigengene shows
a similar trajectory in each tissue, suggesting the presence
of a common gene-expression program shared by all three tis-
sues (Figure 2A). Expression of the protein chaperone Heat
shock protein 70 (HSP70) was most highly correlated to theprofile of the second Eigengene (Pearson correlation coeffi-
cient = 0.761), and its expression increased after a putative
heat-stress event in which mussel body temperatures reached
30.5C (Figure 2A). Consistent with this finding, GSEA showed
that genes associated in the GO category of ‘‘Protein Folding’’
were significantly correlated with the second Eigengene (p =
0.005) (Figure 2B). The expression of these genes was elevated
after heat stress in the higher-site mussels but did not change
in the cooler, lower-site mussels, whose body temperatures
only reached 22.5C (Figure S4). These data are consistent
with previous studies that have emphasized the importance
of the heat shock response as a determinant of species distri-
bution in the intertidal zone [20–22].
Seeking to relate transcript levels with microhabitat, we em-
ployed a signal-to-noise statistic to rank genes according to
their difference in expression between the lower- and higher-
site mussels and then applied GSEA to determine whether
specific classes of genes exhibit microhabitat-associated
abundance patterns. This revealed that only expression of
GO protein-folding genes was significantly different between
high-site and low-site mussels in both gill and muscle tissue
(p = 0.004 and p < 0.001, respectively; Figure S5), with 13 of
38 arrayed genes in this category exhibiting higher expression
in both tissues of high-site mussels (Figure 2C). Protein-fold-
ing genes are consistently more highly expressed in high-site
animals regardless of the body temperature or time point of
sampling, suggesting that either proteotoxic stress is routinely
Intertidal-Mussel Gene-Expression Time Series
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(A) Body temperature of high-site mussels reached 38C during an unusually hot day. Elevated expression was detected in all tissues during recovery from
this extreme thermal episode.
(B) Heat map showing a K-means cluster of 85 genes whose expression profile was similar to that of Sequestosome 1 and showed elevated expression on
the unusually hot day. Each row corresponds to a gene, with columns representing the relative expression of each gene across the 20 time points in the 3 day
study and the four time points from the ad hoc collected samples for each of the three tissues. The identity and expression of particularly relevant genes
within the cluster is shown.
(C) Principal component analysis of all 4398 arrayed genes reveals that the third principal component separates the expression signatures of animals re-
covering from this thermal episode from all other RNA samples. Arrows indicate the progression of time points on August 15.
(D) AK activity in gill in response to heat stress. Values are means 6 SD. n = 3, * p < 0.05.greater or that the elevated expression of protein-folding
genes serves a preparative or protective function in animals in-
habiting the high intertidal zone. These data also suggest that
the lower growth rates of high-shore mussels could be attrib-
uted to both reduced feeding opportunities and higher mainte-
nance costs due to stress-induced protein damage [23].
To extend our investigation into the role of heat stress as
a determinant of gene expression, we ad hoc sampled
mussels at the high-site assemblage on a tide that occurred
2 weeks after the 3 day time course described above
(Figure 3A). On this day, on which a noon low tide coincided
with clear skies and extreme sunshine, mussel body tempera-
tures reached 38C, and historical temperature data for this in-
tertidal location indicate that mussels experience this extreme
temperature on perhaps four to five occasions per year (M.W.
Denny, personal communication). Principal-componentanalysis identified a third principal component that clearly dif-
ferentiates the tissue expression signatures of animals recov-
ering from this extreme thermal episode from all other RNA
samples (Figure 3C). Inspection of the top 50 genes whose ex-
pression patterns most contributed to the third principal com-
ponent identified three genes that were strongly induced in all
tissues during recovery from heat stress once mussel body
temperatures had returned to 14C, Sequestosome 1
(SQSTM1) [24], HSP70-binding protein 1 (HSPBP1) [25], and
Alpha-crystallin A chain (CRYAA) [26] (Figure 3A). All these
genes play a role in the cellular response to unfolded proteins;
for example, SQSTM1 serves a pivotal role in forming protein
aggregates [27], protein turnover [28], and autophagy [29].
GSEA confirmed that this expression signature was linked to
proteotoxic stress because only two GO categories were as-
sociated significantly with the third principal component,
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ray; Figure S7), and GO:0006986, response to unfolded protein
(p = 0.004, 7 of 10 genes on array). Furthermore, K-means clus-
tering identified a cluster of 85 genes that shared a similar ex-
pression profile to CRYAA, HSPBP1, and SQSTM1; many
members of this cluster participate in the cellular response
to protein unfolding (Figure 3B and Figure S8 and Supplemen-
tal Results and Discussion). A particularly interesting member
of this cluster wasArginine kinase (AK), which catalyzes the re-
versible transfer of high-energy phosphate from arginine
phosphate to ADP to form ATP [30]. Responding to heat stress
will exert a metabolic cost on the animals, and the induction of
AK with extreme heat stress is evidence of an elevated de-
mand for ATP, analogous to the activation of the creatine ki-
nase-phosphocreatine shuttle in buffering ATP demand during
sustained muscle activity in mammals [31]. To validate this ob-
servation, we measured AK enzymatic activity in mussels dur-
ing recovery from a simulated heat stress and confirmed that
AK activity was increased by 33% in gill after 4 hr recovery
(p = 0.03, Student’s t test) (Figure 3D).
Conclusions
Our study provides the first description of how gene-expres-
sion patterns vary temporally and spatially in one of the most
physically challenging habitats on earth, the marine rocky in-
tertidal zone. Transcriptional oscillations of two clusters of
genes form the dominant expression pattern in mussels living
high in the intertidal zone, with the aggregate function of genes
in each cluster suggesting that mussels undergo temporally
separated episodes of cell division and metabolism. This envi-
ronment is punctuated by episodes of heat stress, with mod-
erate heat stress linked to the induction of protein chaperones,
and with extreme heat stress linked to the induction of a sec-
ond tier of genes whose function may be to target irreversibly
denatured proteins for degradation. These data provide in-
sights into how cell growth, division, and repair are coordi-
nated in concert with a suite of fluctuating environmental
variables and why increases in habitat temperatures due to cli-
mate change may cause restrictions in habitat use by intertidal
species like mussels [32].
Supplemental Data
Supplemental Data include Supplemental Results and Discussion, Supple-
mental Experimental Procedures, four tables, and eight figures are available
with this paper online at http://www.current-biology.com/supplemental/
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